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Abstract 
This paper presents a novel method for optimization and feedback control of laser welding process. It is based on 
frequency analysis of the light emitted during the process and adaptive shaping of the laser beam achieved by an 
active optical element. Experimentally observed correlations between the focal properties of the laser beam, the weld 
depth and the frequency characteristics of the light emissions, which form the basis of the method, are discussed in 
detail. The functionality and the high efficiency of the method are demonstrated for a variety of welding parameters 
settings usually used in industrial practice. 
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1. Introduction 
The deep penetration laser beam welding represents a modern technology that is well established in 
industrial manufacturing. Its principle lies in interaction of a high power laser beam with a metal 
workpiece that causes formation of a thin capillary, called keyhole, within the welded material [1,2]. The 
depth and shape variability of the keyhole during the welding process determine the depth and quality of 
the resulting weld.  
There are two critical issues that need to be addressed to achieve high quality of the welds. First issue 
is the correct setting of the process parameters, e.g. the welding speed, the laser beam power and spatial 
distribution (given by the divergence, the waist size and the focus position with respect to the surface of 
the workpiece), so that an optimal energy coupling is achieved. This setting is generally based on empiric 
knowledge of the materials and the spatial arrangement of the welding machine. However the real 
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conditions may be different from the empiric expectations and they may vary during the actual process. 
Therefore the second issue is to monitor the undergoing process and to control it so that the process 
parameters settings are maintained in optimal state. Although the technology of laser welding is widely 
used, the issue of optimization and continuous feedback control of welding process has been discussed by 
several authors only [3-5]. These experimental control systems are mostly based on a simple statistical 
analysis of the intensity of light emitted from the interaction zone, i.e. from the molten material around the 
keyhole and a bright plasma plume formed above it. More sophisticated methods of evaluating the 
intensity, e.g. by means of frequency analysis, have been already studied before [6-9], nonetheless the 
current knowledge is generally insufficient for direct application in a control of the welding process. 
This paper presents new findings about the correlation between the depth of keyhole and the frequency 
characteristics of light intensity oscillations and a novel method for feedback control and optimization of 
the welding process based on this knowledge. We discuss the experiments we have carried out to 
investigate the laser welding physics in dependence on a wide range of process parameters settings (e. g. 
the welding speed, the laser power, the material, the processing gas, the beam focusing).  We also describe 
the way the information can be used in practical applications and we give a proposal of the control method 
that incorporates adjustable optical system to dynamically alter the beam shape and its focusing. Finally, 
we present the validation experiments that evaluate the performance of the novel control method that 
addresses the both issues necessary to achieve the high quality welds. 
The rest of the paper is organized as follows: In Section 2 we describe an experimental setup employed 
in our experimental work. In Section 3 we discuss the primary experiments carried out in order to study 
the laser welding process. In Section 4 we deal with the results of these experiments, especially with the 
correlation between the light intensity oscillations and the keyhole depth. In Section 5 we use this 
correlation for a proposal of a novel control method. In Section 6 we discuss the results of the validation 
experiments and prove that the control method is widely usable in the industrial practice. In Section 7 we 
carry out a brief discussion of the results achieved. Finally, we conclude the article in Section 8. 
2. Experimental setup 
The principal task of optimizing the welding parameters is to find an optimal focusing of the laser 
beam, since it fundamentally influences the energy coupling between the beam and the keyhole walls. The 
focusing comprises two important characteristics: the focus position with respect to the surface of a 
workpiece and the divergence of the beam and the size of its waist. This section describes the 
experimental setup we have assembled to study this issue. 
The experimental setup was based on a laser welding machine equipped with 4 kW CO2 laser. The 
optical and focusing system incorporated a converging lens of focal length f, an auxiliary mirror and an 
active optical element with variable surface profile, referred to as the adaptive mirror (see Fig. 1). The 
radius of curvature m of this convex mirror could be altered in a specific range by regulation of the air 
pressure behind its reflecting surface, thus the focus position of the laser beam (and simultaneously the 
size of beam waist and its divergence) could be dynamically changed with response bandwidth up to 
several Hz. The dependence of the focus geometry on the curvature of the adaptive mirror 1/ m is shown 
in Fig. 2 – as the curvature increases with increasing air pressure, the distance of the focus from the 
converging lens d increases, while the waist radius w0 decreases (note that this dependence is inverse 
when the beam shape is changed by varying the focal length of the converging lens).  
An acquisition and control subsystem were assembled so that relevant process characteristics could be 
observed. The principal one were the intensity of the light radiation emitted during the laser welding 
process which is sampled by a photodetector directed towards the plasma plume. Its wavelength range 
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190-1100 nm corresponds to the spectral distribution of the light emissions – visible and UV band for 
plasma plume and near IR band for molten material around the keyhole. The photodetector was connected 
to a data acquisition device with adjustable sampling frequency up to 50 kHz. The acquired data were 
stored in a PC where they could be subjected to further analyses. 
The acquisition device was also used to drive a control signal to a proportional valve that regulates the 
air pressure to the rear of adaptive mirror and, in effect, changes the focusing of the laser beam.  This 
brought the main advantage of this experimental arrangement employed for the primary experiments, i.e. 
the possibility to continuously change the focusing of the laser beam during the welding process. 
3. Primary experiments 
The aim of primary experiments described in this section was a study of correlation between the 
oscillations of light intensity and the keyhole geometry (especially its depth) in dependence on the focal 
geometry of the laser beam. For this purpose we have carried out an extensive set of the testing welds 
(carbon and stainless steel workpiece material, argon and helium shielding gas, laser power 2-4 kW, 
welding speed 1-2 m/min), during which a focusing of the laser beam was continuously changed in 
predetermined manner and the emitted light was synchronously detected by the photodetector.  
A typical time course of the signal from the photodetector as well as the time course of the air pressure 
in the adaptive mirror is shown in Fig. 3a. It is obvious that the character of the light intensity oscillations 
strongly changes in time. When compared with the longitudinal cross section of the corresponding weld 
shown in Fig. 3b, it is apparent that also the weld depth significantly changes in time. 
 To find out the possible correlation we have employed the means of frequency analysis which was 
motivated by the following physical consideration. When the welding parameters are chosen optimally, 
the welding process is relatively stable, the depth of keyhole remains constant and the resulting weld bead 
is smooth. On the contrary, when the welding parameters are chosen inappropriately, the welding process 
Fig. 1.  Experimental setup 
 L. Mrňa et al. /  Physics Procedia  39 ( 2012 )  784 – 791 787
 
is very unstable, the keyhole and the melt pool around it strongly oscillate which results in variable weld 
depth and rough surface of the weld bead. The oscillations of the system are inevitably reflected in the 
dynamics of the plasma plume, so it is expectable that also the frequency characteristics of observed light 
intensity are affected by these oscillations.   
The main tool of frequency analysis applied for study of the light intensity oscillations became a 
spectrogram, i.e. a waterfall graph showing the time-varying frequency spectrum of recorded signal 
calculated by the discrete Fourier transform (see Fig. 3c). From the comparison of the spectrogram and the 
longitudinal cross section of the weld it is apparent that there is a strong correlation between the depth of 
keyhole and the frequency spectrum characteristics. In case of shallow penetration the low frequencies 
become more significant while in case of deep penetration the frequency spectrum becomes more evenly  
Fig. 2.  Dependence of the waist radius w0 and its distance from the converging lens d on the curvature of adaptive mirror 1/ m for 
two different focal lengths f 
distributed (see the sketch in Fig. 4). This phenomenon, which reflects the dynamic state and the stability 
of the welding process, was observed for a wide range of welding parameters setting. Therefore it might 
serve as a basis for a proposal and a realization of a universal control method. However, a detailed study 
of this phenomenon is necessary. 
4. Correlation between the keyhole depth and the light intensity oscillations 
In this section we discuss the main features of spectrograms corresponding to the data acquired during 
the primary experiments while we focus on the search for a characteristic that can be used as an 
optimization parameter in a control method.  
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We have mentioned before the general relation between the frequency spectrum character and the 
focusing of the laser beam. The experiments have also shown that the low frequency components up to 
hundreds of Hz correspond to the oscillations of the melt pool while the higher frequency components 
correspond to the fine oscillations of the plasma plume. This explains the higher values of amplitudes 
corresponding to the lower frequencies in case of shallow penetration when the melt pool strongly 
oscillates which is evident from the typically humped weld bead.  
In some cases it is also possible to observe a significant local maximum of amplitudes in the frequency 
band around 1-2 kHz. This effect occurs when the focus of the laser beam is slightly off its optimum and 
corresponds to the oscillations of the keyhole with the frequencies close to an eigenfrequency. The local 
maximum of the amplitudes is naturally relatively wide, because due their nature neither the keyhole nor 
the melt pool can oscillate at a single frequency. 
The distribution of amplitudes in the frequency spectrum also depends on a heat input given by the 
ratio of the beam power and welding speed. When comparing two frequency spectra obtained for the same 
focusing of the laser beam but different heat input, the lower frequencies have greater amplitudes in case 
of greater heat input. This can be explained by a simple fact that the greater heat input melts more 
material, which oscillates with lower frequencies due to its greater mass.  
Fig. 3.  Evaluation of the testing weld carried out for carbon steel, argon shielding gas, laser power 2.4 kW and welding speed 1.0 
m/min: (a) signal from photodetector (blue), air pressure in adaptive mirror (rescaled; green); (b) spectrogram; (c) 
longitudinal cross section; (d) sum of squared residuals S (blue), averaged S (green) 
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In the preceding papers [6,9] the characteristics of frequency spectra were studied only by a method 
based on dividing the frequency domain to the individual bands of suitable range and calculating the mean 
amplitudes corresponding to these frequency bands. Then the ratios of selected amplitude pairs were used 
for a quantitative expression of differences between frequency spectra corresponding to deep and shallow 
penetration. However, this approach is not universal, because the optimal choice of frequency bands 
depends on the material parameters as well as the laser power or the welding speed.  
After a detailed analysis of the data acquired during the primary experiments, we have formulated a 
modified approach: A linear regression of the normalized frequency spectrum by a method of least 
squares is calculated. Then the sum of squared residuals S resulting from the linear regression represents 
the optimization parameter. For an optimal focusing of the laser beam, which corresponds to the 
maximum weld depth, the sum S takes a minimum value, because in this case the distribution of 
amplitudes in the frequency spectrum is the most even (see Figs. 3d and 4). The correspondence of the 
minimum value of the sum S with the maximum of the weld depth is independent on the material 
parameters, the laser power and the welding speed. Thus it can be used as a foundation of a novel and 
more universal control method, which we describe in the following section. 
5. Proposal of a control method 
This section presents the principles of a novel technique for monitoring and control of the welding 
process. The method evaluates the intensity of light emission as observed by the photodetector. The signal 
is then converted to a digital representation that is used for the frequency analysis and inference of the S 
coefficient value. The history of this value is then used for control of the beam focusing. To ensure all 
these tasks continuously during the welding with a sufficiently rapid response we have proposed a new 
control unit, which was supposed to replace the personal computer in the experimental setup. In this 
section we discuss the main characteristics of this proposal, while we focus on the description of the 
control algorithms rather than the technical details.  
The control unit is designed to operate in two different modes, while the laser power and welding 
speed are preset. In a probe mode the welding machine carries out one linear testing weld during which 
the air pressure in the adaptive mirror is changed by predefined steps in a full possible range. For each 
pressure step the frequency spectrum and the sum S are calculated N times from the data acquired in N 
consecutive time intervals. This is necessary for the noise reduction and only the mean value Sm of 
calculated sums is taken as the resulting value. Finally, among all the values Sm the minimum value is 
found and the corresponding value of the air pressure po is considered the optimal one.  
Fig. 4.  A sketch of the frequency spectrum characteristic for the (a) deep penetration; (b) shallow penetration (solid line) and the 
straight line obtained by linear regression (dashed line). The sum of squared residuals S is smaller in the case of deep 
penetration because the amplitudes are more evenly distributed 
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The value po obtained by the probe mode represents an initial setting for a control mode designed for 
the continuous feedback control of the welding along the desired trajectory. In this mode the optimum 
focus of the laser beam is continuously controlled by a periodic modulation of the air pressure around the 
actual optimum value po. More precisely, during each cycle the control unit evaluates the sum Sm for three 
different values of the air pressure po, po + p, po – p and then it changes the air pressure to the value 
corresponding to the minimal Sm. Such value of the air pressure is then considered optimal for the 
consecutive cycle. This principle represents a basis of the regulation algorithm which has one great 
advantage compared to algorithms of the current weld monitors – the welding process is actively 
controlled and not just passively monitored. 
6. Experimental tests of a control method 
The control method proposed above was implemented in a newly developed control unit whose 
software enables to operate in the probe as well as the control mode. The setting of the control algorithm 
was optimized through an extensive set of the testing welds which resulted in the optimal values N = 10 
and p = 0.25 bar. This corresponds to a vertical shift of the focus by 0.4 mm for 7.5" focusing lens. Each 
frequency spectrum is calculated from 256 records of intensity sampled with frequency of 20 kHz and the 
total computing time of the one measurement cycle (three steps of the air pressure) takes about 1.5 
second. It should also be noted that during the experimental tests the control algorithm was improved by 
allowing to change the optimum value of the air pressure po between the consecutive measuring cycles 
also by fractions of p. This, in effect, led to a finer control of the welding process.  
The control system with an optimized setting was tested for various welding parameters (carbon and 
stainless steel, argon shielding gas, laser power 2-3 kW, welding speed 1-2 m/min) and has proven 
functional and efficient. This means that after finding the optimum focus of the laser beam in the probe 
mode, the system was able to continuously control the optimum focus in the control mode. As a 
consequence, the welding process was stable and the maximum weld depth and quality were achieved.  
To verify the capabilities of the control system we also performed several experiments which simulated 
the typical problem situations that may occur in industrial practice, e.g. a longitudinal slope or a vertical 
jump of the metal sheet. For these testing welds we used a 3 mm thick metal sheet which allowed to easily 
observe the variability of the weld depth on the seam root. As an example, the photo shown in Fig. 5 
demonstrates the response of the control system on a sudden increase of the distance between the welding 
head and the workpiece of 2 and 3 millimeters. When the control system was turned off, the weld depth 
strongly decreased while when the control system was turned on, the beam focus was quickly optimized 
and the previous decrease of penetration was eliminated. 
Fig. 5.  Testing welds with vertical shift of the welding head of 2 and 3 mm with and without regulation (a) weld bead; (b) weld 
root 
 L. Mrňa et al. /  Physics Procedia  39 ( 2012 )  784 – 791 791
 
7. Results and discussion 
Although the control method has proven functional and efficient, there are several tasks that could 
improve its performance. The most important task is to reduce the response time of the control unit, which 
could ensure a faster response to eventual weld defects. This could be achieved by employing a data 
processor with greater computational power. Another possible improvement lies in the development of a 
more sophisticated control algorithm that could allow even finer control of the welding process. Finally, 
the principle of the control method should be verified for solid state lasers, which have different optical 
properties as well as the focusing system. 
On the contrary, there are several advantages that make this method valuable. First, it is possible to 
optimize the focus of the laser beam very quickly and without having to analyze the plenty of testing 
welds, which is always very time-consuming. Next, the welding process is actively controlled and not 
only passively monitored, which is a great difference compared to the current weld monitors. Finally, the 
control method works universally for a variety of the welding parameters settings usually used in industry. 
8. Conclusion 
On the basis of the experimental and theoretical studies a new method for control of the laser welding 
process was proposed and implemented. Its main advantage lies in the ability to quickly optimize the 
focus of the laser beam and to control it during welding which means that we managed to meet both 
critical issues necessary for achieving high quality welds. This results in a major progress in the 
technology of the laser welding which need to meet the growing demands of the industrial practice. 
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